advantages during synthesis, such as high solids content, rich morphologies, and simple operation. [1] [2] [3] [4] [5] [6] [7] [8] However, the morphologies formed in PISA could be in a thermodynamically unstable state. Therefore, the storage and application of the obtained nanoparticles are greatly limited. Consequently, stabilization is desirable to enhance the performance of the nanoparticles, such as mechanical stability and surfactant-resistance; but stabilization, or crosslinking, of the nanoparticles formed in a PISA system remains a challenge. [9] [10] [11] [12] [13] The selection of a specific coreforming block in the PISA system is an important prerequisite when one seeks to stabilize the nanoparticles. Glycidyl methacrylate (GMA) with a double bond and an oxirane ring group is a versatile monomer, widely used in coatings, catalysis, biomedical analysis, biomolecular separation, gene delivery, printing inks, semiconductors, resins, or adhesives. This can be attributed to the selective polymerization of double bond and oxirane rings in GMA. In addition, the oxirane ring in GMA can be modified with nucleophiles, such as the thiols, [14] [15] [16] [17] [18] amines, [19] [20] [21] diphenyl phosphoryl chloride ((C 6 H 5 ) 2 POCl), [22] sodium azide (NaN 3 ), [23] [24] [25] and others. [26] [27] [28] [29] For example, using bifunctional ethylene diamine (EDA) or 2-aminoethanethiol (AET) as crosslinking agent, the PGMA blocks in a micellar system can be easily crosslinked. Depending on the location of PGMA blocks in micellar structure, the core crosslinked (CCL) micelles, shell crosslinked (SCL) micelles, and interlayer crosslinked (ILCL) micelles were selectively prepared. [30] [31] [32] [33] Recently, the GMA was also introduced into the core-forming block through a reversible addition fragmentation chain transfer (RAFT) polymerization based PISA system, either by copolymerization with 2-hydroxypropyl methacrylate (HPMA), [9] or homopolymerization. [34, 35] In these systems, the functionalization or crosslinking of the nanoparticles should be in a separate step that occurs after the chain extension polymerization. For example, the poly(glycerol monomethacrylate) (PGMA) was selected as the stabilizer, and GMA was used as core-forming block. [34] In order to avoid any side reactions of oxirane groups in GMA monomer, the RAFT PISA procedure was performed. Subsequently, the oxirane rings were selectively functionalized or crosslinked. Atom Transfer Radical Polymerization Polymerization-induced self-assembly (PISA) and in situ crosslinking of the formed nanoparticles are successfully realized by activators regenerated by electron-transfer atom transfer radical polymerization (ARGET ATRP) of glycidyl methacrylate (GMA) or a mixture of GMA/benzyl methacrylate (BnMA) monomers in ethanol. Poly(oligo(ethylene oxide) methyl ether methacrylate) was employed as macroinitiator/stabilizer, and a cupric bromide/tris(pyridin-2-ylmethyl)amine complex as catalyst. Tin (2-ethylhexanoate) was used as reducing agent for ARGET ATRP, and simultaneously acted as a catalyst for ring-opening polymerization of oxirane ring in GMA. The kinetics shows that the double bond in GMA was completely polymerized in 4.0 h, while only a 33% conversion of oxirane ring in GMA was reached at 117.0 h. Such a large difference would guarantee a smooth PISA and a subsequent in situ crosslinking of formed nanoparticles. The transmission electron microscopy and dynamic light scattering show spherical nanoparticles formed. With a feed molar ratio [BnMA] 0 /[GMA] 0 = 150/50, 100/100, and 50/150, the nanoparticles formed in ethanol can dissociate or swell in toluene. When pure GMA was used, the solid nanoparticles were observed in toluene or ethanol. The ARGET ATRP provides an efficient strategy to stabilize the nanoparticles formed in the PISA of GMA-containing system.
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advantages during synthesis, such as high solids content, rich morphologies, and simple operation. [1] [2] [3] [4] [5] [6] [7] [8] However, the morphologies formed in PISA could be in a thermodynamically unstable state. Therefore, the storage and application of the obtained nanoparticles are greatly limited. Consequently, stabilization is desirable to enhance the performance of the nanoparticles, such as mechanical stability and surfactant-resistance; but stabilization, or crosslinking, of the nanoparticles formed in a PISA system remains a challenge. [9] [10] [11] [12] [13] The selection of a specific coreforming block in the PISA system is an important prerequisite when one seeks to stabilize the nanoparticles. Glycidyl methacrylate (GMA) with a double bond and an oxirane ring group is a versatile monomer, widely used in coatings, catalysis, biomedical analysis, biomolecular separation, gene delivery, printing inks, semiconductors, resins, or adhesives. This can be attributed to the selective polymerization of double bond and oxirane rings in GMA. In addition, the oxirane ring in GMA can be modified with nucleophiles, such as the thiols, [14] [15] [16] [17] [18] amines, [19] [20] [21] diphenyl phosphoryl chloride ((C 6 H 5 ) 2 POCl), [22] sodium azide (NaN 3 ), [23] [24] [25] and others. [26] [27] [28] [29] For example, using bifunctional ethylene diamine (EDA) or 2-aminoethanethiol (AET) as crosslinking agent, the PGMA blocks in a micellar system can be easily crosslinked. Depending on the location of PGMA blocks in micellar structure, the core crosslinked (CCL) micelles, shell crosslinked (SCL) micelles, and interlayer crosslinked (ILCL) micelles were selectively prepared. [30] [31] [32] [33] Recently, the GMA was also introduced into the core-forming block through a reversible addition fragmentation chain transfer (RAFT) polymerization based PISA system, either by copolymerization with 2-hydroxypropyl methacrylate (HPMA), [9] or homopolymerization. [34, 35] In these systems, the functionalization or crosslinking of the nanoparticles should be in a separate step that occurs after the chain extension polymerization. For example, the poly(glycerol monomethacrylate) (PGMA) was selected as the stabilizer, and GMA was used as core-forming block. [34] In order to avoid any side reactions of oxirane groups in GMA monomer, the RAFT PISA procedure was performed. Subsequently, the oxirane rings were selectively functionalized or crosslinked. Due to the presence of oxirane group, the control of atom transfer radical polymerization (ATRP) of GMA is also challenging. For example, in activators regenerated by electrontransfer atom transfer radical polymerization (ARGET ATRP) of GMA monomer, tin (2-ethylhexoate) (Sn(EH) 2 ) can simultaneously act as the reducing agent and a catalyst for ringopening of oxirane ring group. Thus, the crosslinking may accompany the vinyl polymerization. However, initiators for continuous activator regeneration atom transfer radical polymerization (ICAR ATRP) of GMA monomer employing azobisisobutyronitrile (AIBN) as radical initiator [36] and supplemental activation/reducing agent atom transfer radical polymerization (SARA ATRP) of GMA monomer employing Fe(0) [37] were successful for the synthesis of linear PGMA with controlled molecular weight (MW) and narrow molecular weight distribution (M w /M n ). Also, the oxirane ring group on GMA monomer can act itself as an efficient reducing agent for ARGET ATRP of GMA and no additional external reducing agent was needed. [38] Thus, one monomer can be polymerized by several different mechanism or, alternatively, it is possible to switch from one to another mechanism. [34, 39] Herein, the side reaction of the ring-opening reaction in Sn(EH) 2 mediated ARGET ATRP of GMA monomer was deliberately utilized in a PISA system seeking to form stabilized particles. Poly(oligo(ethylene oxide) methyl ether methacrylate) (POEOMA) with a terminal bromide was used as macroinitiator/stabilizer and GMA or benzyl methacrylate (BnMA)/GMA were used as (co)monomers using complex of cupric bromide (Cu II Br 2 )/tris(pyridin-2-ylmethyl)amine (TPMA) catalytic system and ethanol as solvent (Scheme 1). The kinetics of Sn(EH) 2 mediated ARGET ATRP PISA of double bond and ring-opening reaction of oxirane ring group on GMA monomer was investigated. The successful ARGET ATRP PISA of GMA monomer and a following in situ stabilization of the formed nanoparticles were efficiently accomplished.
Experimental Section

Materials
Cupric bromide (Cu II Br 2 , 99%, Aldrich), and tin (2-ethylhexoate) (Sn(EH) 2 , 99%, Aldrich) were used as received. GMA (98%, Alfa Aesar), BnMA (98%, Alfa Aesar) and oligo(ethylene oxide) methyl ether methacrylate (OEOMA 300 , average molecular weight 300, Aldrich) were passed over a column of basic alumina to remove inhibitor prior to use. TPMA [40, 41] and 2-hydroxyethyl 2-bromoisobutyrate (HEBiB) [42] were prepared according to the literature. The POEOMA macroinitiator/stabilizer was synthesized according to our previous work by ICAR ATRP at 45 °C using 2,2′-azobis (2-methylpropionamide) dihydrochloride (VA-044) as initiator, complex of Cu II Br 2 /TPMA as catalyst, and water as solvent. [43] All other chemicals were used as received unless otherwise specified. dn/dc was measured off-line by a refractive index detector at 55 °C. 1 H Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker (400 MHz) spectrometer in CDCl 3 at 298 K. Dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS90 was employed to determine the average hydrodynamic diameters and distribution. The scattered light was detected at an angle of 173°. Transmission electron microscopy (TEM) was performed using a JEOL JEM-1230 instrument operated at 80 kV. The polymerization dispersions prepared at 65 °C were directly diluted with solvent to give 0.1-0.5 wt% dispersions. After one drop of the dispersions was deposited onto carbon coated copper grid, the copper grid was dried in air for 24 h and used for TEM measurement. The POEOMA (0.4500 g, 4.5 × 10 −2 mmol), TPMA (0.0042 g, 1.4 × 10 −2 mmol), Cu II Br 2 (0.0008 g, 3.6 × 10 −3 mmol), BnMA (0.76 mL, 4.50 mmol, target DP = 100), GMA (0.61 mL, 4.50 mmol, target DP = 100) were dissolved in 10.4 mL ethanol in a 25 mL Schlenk flask. After the system was degassed by three freeze-pump-thaw cycles, the flask was purged with nitrogen and placed in an oil bath set at 65 °C. The reducing agent Sn(EH) 2 (0.0292 g, 7.2 × 10 −2 mmol) was added to trigger the polymerization. After 117 h, the polymerization was quenched by exposure of the flask to air.
Characterization
The systematical variation of feed molar ratio [BnMA] 0 /[GMA] 0 (150/50, 100/100, 50/150, 0/200, 0/300), and the solids content of 20% or 30% allowed different PISA systems to be realized.
Kinetic Study of ARGET ATRP PISA Procedure
As the procedure for the above ARGET ATRP PISA, the formulation of [POEOMA 53 ] 0 :[BnMA] 0 :[GMA] 0 :[Cu II Br 2 ] 0 :
[TPMA] 0 :[Sn(EH) 2 ] 0 = 1:0:200:0.08:0.32:1.6 was adopted for the study on kinetics. The aliquots were periodically withdrawn at an interval of 0.5 h. The conversion of double bond and oxirane ring group on GMA monomer was monitored by 1 H NMR, and the increase in MW was followed by GPC measurement.
Results and Discussion
Kinetic Study of ARGET ATRP PISA
According to our previous work, [43] the macroinitiator/ stabilizer of PEOEMA was prepared by ICAR ATRP of OEOMA 300 monomer using Cu II Br 2 /TPMA complex as the catalytic system, HEBiB as initiator, AIBN as initiator and water as solvent. POEOMA with an M w /M n of 1.52 and an apparent molar mass of 8100 g mol −1 was obtained (Figure 1a) . By means of GPC-MALLS measurement using DMF as elution, the absolute molar mass of POEOMA was calibrated as 16 000 g mol −1 and the degree of polymerization was calculated as 53.
Subsequently, the ARGET ATRP PISA of GMA or BnMA/GMA (co)monomers was performed by using the Cu II Br 2 /TPMA complex as catalytic system, PEOEMA as macroinitiator/stabilizer, Sn(EH) 2 as reducing agent and ethanol as solvent. The addition of BnMA monomer was only aimed to modulate the morphology and crosslinking density of the formed nanoparticles. As described in the introduction section, the bifunctional GMA monomer bearing a polymerizable oxirane ring group and a polymerizable double bond can be selectively polymerized or modified for specific applications. When Sn(EH) 2 was used as reducing agent, a fraction of the Cu II Br 2 was efficiently reduced to Cu I Br, which catalyzed the ARGET ATRP PISA. Simultaneously, the Sn(EH) 2 can also act as an initiator for oxirane ring-opening. Thus, both the polymerization of double bond and reaction of the oxirane ring on GMA monomer units can be triggered by Sn(EH) 2 . Specifically, the former produced the diblock copolymers POEOMAb-Poly(PBnMA/PGMA) or POEOMA-b-PGMA, while the latter formed a crosslinked product.
In such an ARGET ATRP PISA procedure, the relative rates of reaction of the oxirane ring group and double bond should have important effect on the morphology evolution of nano particles. Thus, the kinetics of Figure 1a , the MW of the formed copolymers POEOMA-b-PGMA regularly shifted to the higher MW region with the increasing of polymerization time. At 1.0 h, the GPC curve of the formed copolymer still showed a monomodal peak. However, when the polymerization time reached to 2.0 h, a shoulder peak at lower MW corresponding to the POEOMA macroinitiator was always observed. With the increase of polymerization time, this peak gradually decreased. The remaining POEOMA macroinitiator in overlaid GPC traces can be attributed to the possible termination of initial macroradicals. At the early stage, when Sn(EH) 2 was added, the deactivator Cu II Br2/L was rapidly reduced to activator Cu I Br.
The increased molar ratio [Cu I Br]/[Cu II Br 2 ] generated macroradicals that could fast terminate. From Figure 1b and Figure S2 (Supporting Information), one can observe that the double bond can be completely consumed after 4.0 h, and three polymerization stages can be discriminated in an enlarged kinetics plot for consumption of the double bond. The first stage corresponded to a slow polymerization in homogeneous solution, in which the deactivator Cu II Br 2 /TPMA was reduced into Cu I Br/TPMA activator by Sn(EH) 2 and an ATRP equilibrium was established. The second stage can be attributed to a faster polymerization in the micelles formed when the PGMA segment was chainextended to a certain length and micelles were formed by aggregation of the diblock copolymer. The monomers in the micelles enhanced the local monomer concentration and accelerated the polymerization rate at this stage. From Figure 1b , the inflection point between the first and second stages can be located at monomer conversion of ≈8%, which actually corresponded to the onset of the turbidity and beginning of the micellar nucleation. Finally, in the third stage, the double bond was mostly polymerized and the monomer conversion reached completion after 4.0 h. This phenomenon was similar to other PISA systems reported in the literature [1] [2] [3] [4] [5] [6] [7] [8] and ATRP PISA in our previous work. [43] However, the kinetics plot for conversion of the oxirane rings showed a slower polymerization rate. Almost no oxirane ring groups were opened at 20 h, and only a 31.3% conversion was measured at 117 h by 1 H NMR ( Figure S2, Supporting Information) . Obviously, such a difference in polymerization rate of double bond and opening of the oxirane ring can led to a first ARGET ATRP PISA of GMA monomer and a subsequent in situ crosslinking of the formed nanoparticles. The crosslinking reaction did not occur during the chain extension and self-assembly in the PISA procedure.
Morphological Evolution of the Nanoparticles Formed in ARGET ATRP PISA of GMA/BnMA or GMA Monomers
As described in the above section, the ring-opening reaction of oxirane group is slower than the polymerization of double bond in the GMA monomer. Thus, the in situ crosslinking reaction between oxirane ring groups, following the PISA procedure, should have no influence on the morphological evolution. Therefore, a series of formulations with different solids content, total DP of monomers and feed molar ratio
[BnMA] 0 /[GMA] 0 were designed to investigate the ARGET ATRP PISA (Table S1, Supporting Information). According to Table S1 (Supporting Information), the formed nanoparticle can be stabilized in ethanol as a turbid dispersions. When the PISA product was diluted in THF, the PISA product formed with 30% solids content also formed a turbid dispersions, while the PISA product with 20% solids content resulted in a transparent solution. Indeed, when the PISA product was diluted in toluene, a transparent solution was always formed. These results can be attributed to the different solubility of ring-opened products of GMA units in ethanol, THF and toluene, respectively. Therefore, toluene was selected as solvent for DLS and TEM measurements.
As shown in Figure 2 , with the increase of the molar ratio Figure 2b′ -e′, one can discriminate that the contrast of nanoparticles was regularly enhanced. Further, the size evolution of PISA product in ethanol and toluene solvent was also confirmed and monitored by DLS measurements (the average particle size distribution were between 0.005 and 0.100), which were consistent with TEM measurements, Figure 2f ,g. Due to the better swelling of the nanoparticles by toluene, the measured sizes in toluene were always larger than those measured in ethanol.
When the solids content was increased to 30%, regular spherical morphologies were observed in both ethanol and toluene for molar ratios [BnMA] 0 /[GMA] 0 = 100/100, 0/200, and 0/300, Figure 3a -c, a′-c′. The sizes of nanoparticles were between 50 and 200 nm with an average particle size distribution between 0.009 and 0.078. The DLS measurement showed that the sizes of nanoparticles formed in toluene was always larger than those in ethanol solvent.
Conclusions
An ARGET ATRP PISA was successfully carried out in ethanol using POEOMA as macroinitiator and stabilizer, GMA or BnMA/GMA as (co)monomer, and Sn(EH) 2 as reducing agent. The polymerization kinetics showed that the double bond on GMA reacted significantly faster than ringopening of the oxirane group. This resulted in a smooth PISA and a subsequent in situ crosslinking of the core of the formed nano particles. The TEM and DLS results showed different sizes and morphologies of particles formed in ethanol or toluene solvents, which provided an additional evidence that the nanoparticles were indeed stabilized. Thus, due to the dual function of Sn(EH) 2 agent, the GMA monomer can be sequentially polymerized, assembled and crosslinked via PISA, which provides an efficient way to synthesize the stabilized nanoparticles.
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